The discovery of the central role of sex hormone deficiency in bone loss by Fuller Albright in 1947 provided the basis for elucidation of the mechanisms underlying the action of sex hormones on the skeleton, leading to significant improvements in the clinical management of patients with osteoporosis over the last few decades (12, 44) . Clinical studies show that the combined therapy of estrogens with androgens in postmenopausal women enhances bone mineral density and bone mass more than estrogen therapy alone (5) . Administration of flutamide, an androgen receptor (AR) antagonist, to rats results in osteopenia (15) , thereby suggesting that androgen/AR signals may have a physiologically significant role in bone remodeling (32, 52) .
Like the well-described target tissues for androgens, AR is widely distributed in bone, including osteoblasts, osteoclasts (20, 33, 42) , and osteocytes (1) . AR mRNA is upregulated by androgens in human osteoblastic cells in vitro (7, 48, 57, 58) .
This increase in AR mRNA, coupled with the stabilization of AR protein after ligand binding, may enhance the ability of osteoblastic cells to respond to androgens. Our previous studies demonstrate that the stimulation of osteoblast proliferation by 5␣-dihydrotestosterone (DHT) is blocked by AR antagonists and small interfering RNA (siRNA) (24) . This finding supports the hypothesis that the effects of androgens on bone are mediated, at least in part, through AR in osteoblasts. Although androgens are believed to enhance osteoblast differentiation, improve the synthesis of extracellular matrix proteins, and stimulate mineralization through the AR, the molecular mechanisms underlying the regulation of bone matrix production and stimulating bone mineralization by androgens and the AR have not been well investigated.
Tissue-nonspecific alkaline phosphatase (TNSALP), encoded by the AKP2 gene, is a membrane-bound phospho-ester phosphatase localized to the surface of osteoblasts. Mice in which the Akp2 gene has been inactivated mimic the form of hypophosphatasia, a disease characterized by rickets, osteomalacia, and spontaneous bone fractures with poor mineralization in the parietal bones, scapulae, vertebral bones, and ribs (10, 18, 19, 54, 55) . Changes in the level of TNSALP protein have a significant effect on osteoblast and osteocyte function and consequent matrix mineralization, thereby indicating that TNSALP has key biological roles in the mineralization of bone (19) . The specific mechanisms involved in regulating TNSALP function during bone formation are largely unknown.
Several reports show that global androgen receptor knockout (ARKO; AR Ϫ/Y ) male mice develop osteopenia, resulting in definitive bone loss in conjunction with changes in histolog-ical analysis of tibia and femur bone sections (31, 53, 60) . Trabecular and cortical bone mass are lower in ARKO mice than in both female and male wild-type littermates (46) . A similar pattern of trabecular bone loss is also observed in male mice in which exon 3 of the AR gene is deleted specifically in mature osteoblasts (38) . In vivo studies with transgenic mice overexpressing AR in osteoblastic cells confirm an important role for AR in bone formation and maintenance in males (59) . Bone loss is the outcome of imbalanced bone resorption relative to bone formation (49) . Although an imbalance of bone remodeling in endochondral bones caused by excessive osteoclast activity contributes to the pathogenesis of osteopenia in ARKO mice (31) , our knowledge of androgen/AR actions on intramembranous bone formation by osteoblasts is limited. Our present studies reveal that ARKO mice have an impaired response to androgens in neonatal calvarial bones that exhibit a dramatic decrease in the area of calcification and suture width due to the diminished activity of AR-deficient osteoblasts. At the molecular level, the androgen and phosphate signaling pathways converge at the AR. Phosphate signals increase the expression and activity of AR, while phosphate levels and alkaline phosphatase (ALP) activity increase in response to androgen/AR signaling. Taken together, our results indicate that androgen/AR signaling controls an integrated gene expression program required for bone formation and mineralization.
MATERIALS AND METHODS
Animals. All animal procedures followed the Guide for the Care and Use of Laboratory Animals as promulgated by the Institute of Laboratory Animal Resources, National Research Council, National Academy of Science (United States), and were approved by the Animal Care and Use Committee of the Chang Gung Memorial Hospital at Kaohsiung Medical Center. Construction of targeting vectors and generation of the chimera founder mice have been described previously (60) . The strains of the mosaic founder mice were C57BL/6 and 129Sv background. ␤-Actin is encoded by a housekeeping gene and is universally expressed in every tissue; therefore, the ␤-actin promoter-driven Cre (ACTB-Cre; Jackson Laboratories, Bar Harbor, ME) expresses and deletes floxed AR fragments in all of the tissues. The ARKO mice were genotyped by PCR as described previously (60) . Animals were housed in pathogen-free facilities, maintained on a 12-h light/dark schedule (light on at 6 a.m.).
Organ cultures of calvarial bones. The technique for studying organ cultures of neonatal murine calvarial bones has been described previously with modification (34) . The bones were removed from the calvaria of 3-day-old male wildtype and AR Ϫ/Y mice and then cultured in Biggers, Gwatkins, Judah media with the Fitton-Jackson modification with 0.1% bovine serum albumin for 72 h in the presence or absence of DHT. After treatment, the calvaria were fixed for 24 h in 10% phosphate-buffered formalin. The calvaria were then embedded in paraffin, and 4-m sections were cut and then stained with hematoxylin and eosin (H&E), Goldner trichrome, or von Kossa stain. Bone formation and mineralization were evaluated by histomorphometric assessment using a Nikon E400 microscope attached to an SPOT-RT slider charge-coupled device color video camera. Images of the sectioned calvaria were captured at ϫ20 objective magnification. Each captured image was then stored for future reference, and the area of new bone formation, expressed as new bone area (square millimeters, 10
3 ), and the number of bone-lining cells, expressed as cells per 0.3-mm bone, were measured by using image analysis software, Image-Pro Plus (Media Cybernetics, Silver Spring, MD).
Bone microcomputed tomography and histomorphometry. Calvarial bones from the 8-, 12-, and 50-week-old male wild-type and AR Ϫ/Y mice were scanned on a Skyscan 1076 instrument (Skyscan). Image acquisition of the head was performed using ϫ25 magnification at 45 kV and 222 A, with a 0.45°rotation between frames to obtain two-dimensional images. Three-dimensional reconstruction and quantitative analyses were performed on a computer (Dell) using the NRecon, ANT, and CTAn software supplied with the Skyscan instrument. Quantitative histomorphometric measurements were made in a blinded manner using the computerized image analysis system. In the parietal bone of the calvaria, measurements were confined to the region located halfway between the sagittal and temporal sutures along a length of 2,100 mm on both sides of the sagittal suture. Width measurements were made every 10 mm in the region of interest. The terminology and units used are those recommended by the Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral Research (41) .
Immunohistochemistry. Specimens were fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, embedded in paraffin, and sectioned (5 m). Upon antigen retrieval with 20 mM sodium citrate (pH 6) and incubation with an AR antibody (N-20; Santa Cruz), sections were stained using biotin-coupled secondary antibodies (Jackson Immunoresearch Laboratories), together with a Vectastain ABC kit (Vector Laboratories, Burlingame, CA). Pictures were taken and acquired by using ϫ20 objective lenses with a Nikon E400 microscope attached to an SPOT-RT slider charge-coupled device color video camera and Image-Pro Plus software at room temperature.
Cell culture, transfection, plasmids, and siRNA. MC3T3-E1 cells were kindly provided by Renny T. Franceschi, University of Michigan, Ann Arbor. MC3T3-E1 cells were maintained in ␣-minimal essential growth medium (Invitrogen) with 10% fetal bovine serum (FBS; Clonetics). For primary osteoblast cell culture, the calvaria were then subjected to a series of collagenase digestions. Cells released from calvaria digested with 0.1% collagenase A and 0.2% dispase were neutralized with FBS, filtered through sterile polypropylene mesh, and resuspended in medium containing 10% FBS. Osteoblastic cells from the second to fifth fractions were pooled and counted following trypan blue staining to exclude nonviable cells and then diluted to 2 ϫ 10 4 cells per ml on six-well plates for the osteoblastic differentiation assay. Where indicated, calf intestinal TNSALP (New England Biolabs) was added to the medium at 0.5 to 1.0 U/ml. The transfection protocol and reporter gene assays were performed as previously described (24) . The inducing agents were replaced with each medium change (3 to 4 days). Stable clones were obtained after selection with puromycin. Control clones were obtained after transfecting empty or scramble vectors. For transient transfection of AR siRNA, the SMARTpool AR was used (Upstate Biotechnology). The pSuperior.retro.puro vector (OligoEngine) was used for the expression of siRNA in primary osteoblast cells. The AR siRNA vector was generated by a gene-specific insert (5Ј-GGGCCCTATCCCAGTCCCACTTGCTCGAGCAAG TGGGACTGGGATAGGGCTTTTTGAATTC-3Ј) to target AR. A scrambled control vector was constructed using an insert (5Ј-GTGTCTGTAGGAGTCAT CC-3Ј) with no significant homology to any mammalian gene sequence.
Mineralization assay. On day 2 postplating, the medium was replaced with osteogenic medium with 10% charcoal-coated-dextran-treated FBS, 50 g of ascorbic acid-2-phosphate (Sigma)/ml, and 10 mM ␤-glycerol phosphate (Sigma). The following day, when cells were Ͼ90% confluent, hormones or vehicle (ethanol) were added. Von Kossa staining was performed by incubating the cells in 2.5% silver nitrate for 1 h in the dark. The samples were then exposed to light to produce black precipitation. Calcium deposition was assessed by using a liquid calcium detection kit (Human Biotech, Germany). Alizarin red staining was performed by incubating the cells with 2.5% alizarin red (Sigma).
Analysis of ALP. ALP staining was performed by using a Fast Violet/naphthol kit (85L-3R; Sigma). The ALP activity was assayed in cell lysates by determining the release of p-nitrophenol from p-nitrophenyl phosphate at 37°C and pH 10.5. ALP activity was measured in duplicate and reported as nanomoles per minute of incubation time per milligram of protein.
Immunoblotting. Western blot analysis was performed as previously described (24) . For phosphate treatment of MC3T3-E1 cells, confluent cells were treated with 10 mM sodium phosphate for 3 days. Cell lysates were then collected to assess AR protein levels. In brief, cell pellets were lysed, and the protein content was assessed with protein assay reagent (Pierce, Rockford, IL). After separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, proteins were transferred to Hybond-P membranes (Amersham-Pharmacia Biotech, Piscataway, NJ) and assayed with an antiserum against AR (N-20; Santa Cruz) using a horseradish peroxidase-conjugated, anti-rabbit secondary antiserum (Amersham), detected using an ECL Plus kit (Amersham) and quantified by using Bio-Rad Quantity One software. Membranes were reprobed for ␤-tubulin (I-19; Santa Cruz) for normalization. The results were expressed as the fold increase over cells harvested on day 1.
RNA isolation and real-time RT-PCR analysis. Total RNA was isolated using TRIzol reagent (Life Technologies, Frederick, MD) and reverse transcribed. Real-time reverse transcription-PCR (RT-PCR) was performed by using a Sybr green PCR master mix kit (PE Applied Biosystems, Foster City, CA) as previously described (25) . Sequence analysis was performed by using an ABI Prism 7700 sequence detection system (PE Applied Biosystems). The sequences of all VOL. 28, 2008 AR PROMOTES MINERALIZATION VIA PHOSPHATE 7355 primers used in the present study are listed in Table S4 in the supplemental material. Luciferase assay. MC3T3-E1 cells cotransfected with serial deletion AKP2 promoter luciferase reporter plasmids and AR expressing plasmid were treated with or without DHT for 48 h and measured for firefly luciferase activity by using a dual luciferase assay kit (Promega) with Renilla luciferase used as an internal control to confirm transfection efficiency as previously described (26) .
ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed as described previously (29) with modifications. Cell lysates were precleared sequentially with normal rabbit immunoglobulin G (IgG; sc-2027; Santa Cruz) and protein A-agarose using an EZ ChIP kit (Upstate catalog no. 17-371). The cell lysates were then incubated overnight at 4°C with 2.0 g of anti-AR antibody (N-20; Santa Cruz). IgG antibody was added for the negative control cell lysate. The primer pairs, which span the region from position Ϫ1412 to position Ϫ1181 of the AKP2 promoter, were used for PCR amplification.
Phosphate analysis. Cells were seeded at 10 4 cells per well on a 12-well culture plate. Growth media were changed to mineralizing medium that was replaced every 3 days for 6 days. Cytosolic fractions were extracted by using a subcellular proteome extraction kit (Calbiochem). P i was measured by using a PiBlue phosphate assay kit (BioAssay Systems), and the optical density at 620 nm was determined by using an enzyme-linked immunosorbent assay reader (Wallac; Victor 2 V). The data were expressed as nanomoles of phosphate/microgram of protein in each well. For phosphate inhibition analysis, cells were treated with 3 mM phosphonoformic acid (PFA; Sigma) 3 h before phosphate treatment.
Immunocytofluorescence. MC3T3-E1 cells were seeded in ␣-minimal essential medium with 10% FBS onto four-well LabTek chamber slides (Nalge) and treated with 10 nM DHT or 1 mM P i overnight. Cells were then fixed, and immunostaining was performed by incubating cells with anti-AR antibody (N-20; Santa Cruz), followed by incubation with fluorescein-conjugated goat anti-rabbit antibody. Slides were mounted with mounting medium containing DAPI (4Ј,6Ј-diamidino-2-phenylindole; Vector Laboratories) and sealed, and the images were acquired with a C1 laser scanning confocal microscope (Nikon, Melville, NY).
Statistical analyses. All values are the means Ϯ the standard deviations (SD) of replicate samples (n ϭ 3 to 6, depending on the experiment), and experiments were repeated a minimum of three times. Differences between two groups were assessed by using the unpaired two-tailed Student t test or among more than two groups by analysis of variance. In all statistical comparisons, P Ͻ 0.05 was defined as a significant difference. SigmaStat statistics software (version 2.0; SPSS) was used for all calculations. bones from 8-to 10-week-old male and female ARKO mice and wild-type littermates were assessed by microcomputed tomography scan analysis. The findings revealed delayed mineralization of the skull vault, reduced bone volume and surface area, and thickness in the calvaria of both male and female ARKO mice compared to wild-type littermates ( Fig. 1A and B). Histomorphormetric analysis indicated that calvaria from 8-week-old male and female ARKO mice were significantly narrower in width and had a smaller bone area, osteoid surface, lower osteocyte number, and higher osteoclasts per bone area than wild-type mice (see Table S1 in the supplemental material). We used highly sensitive immunohistochemistry to investigate the expression profile of AR in mature calvarial bone in 8-week-old mice to determine whether AR Ϫ/Y mice osteoblasts are functional. AR protein expression appears to be abundant in the osteoblasts and osteocytes of calvarial sections from wild-type mice (Fig. 1C) . In comparison, AR expression is undetectable in calvarial sections from AR Ϫ/Y mice (Fig. 1C ). In addition, AR Ϫ/Y mice exhibited clear evidence of decreased numbers of osteoblasts and osteocytes in the calvaria (Fig. 1D ). The irregular shape of the intersutural mesenchyme with large nuclei and reduction of mineralized bone and osteoid were observed in the calvaria of AR Ϫ/Y mice ( Fig. 1E ). Progressive abnormalities in the calvaria were also observed in 30-and 50-weekold AR Ϫ/Y mice (see Fig. S1 in the supplemental material), suggesting that loss of AR has a negative effect on bone quality parameters in developing skeletal tissue.
RESULTS

Androgen
We then assessed the effect of androgen/AR on bone formation in cultures of neonatal calvarial bones from wild-type and AR Ϫ/Y mice for 5 days by using in vitro organ culture as previously described (34, 50) . Decreased bone mineralization was observed in the skull of AR Ϫ/Y mice as assessed by Von Kossa ( Fig. 2A ) and Goldner's trichrome (Fig. 2B) staining. Quantitative histomorphometric analysis revealed that new bone areas increased with DHT treatment in wild-type calvaria, and loss of AR impaired DHT-stimulated bone formation (Fig. 2C) , suggesting that AR plays an important role in androgen-mediated bone formation. The calcified area was significantly reduced in AR Ϫ/Y calvarial bones, and osteocytes in the control and DHT-treated wild-type calvaria were clearly cuboidal, in contrast to the flat morphology observed in AR Ϫ/Y calvaria (Fig. 2B ). In addition, we found that DHT, but not control media, caused a significant increase in the number of bone-lining cells and suture width in wild-type compared to AR Ϫ/Y mice calvarial organ cultures (Fig. 2C) . These results suggest that the loss of AR not only causes inhibition of androgen action to promote new bone formation but also results in a significant decrease in osteoblast activity required for differentiation and mineralization.
The extent of androgen-mediated mineralization in osteoblasts depends on timing of androgen administration and AR expression. The effect of androgen exposure on osteoblasts and the androgen responsiveness of the bone cells were char- (Fig. 3C ).
To determine whether AR is required for osteoblast mineralization, we used specific RNA interference against AR (siRNA-AR) to block AR expression in MC3T3-E1 cells. We showed that inhibition of AR expression decreased androgenmediated cell mineralization in MC3T3-E1 cells (Fig. 3D) . By comparison, the enhanced expression of constitutively active AR increased the basal levels of calcium deposition in MC3T3-E1 cells stably transfected with AR and DHT further enhanced calcium deposition (Fig. 3E) . To further study the role of AR in androgen-mediated osteoblast mineralization, calvarial osteoblasts isolated from wild-type mice and AR Ϫ/Y mice were treated with DHT or testosterone, and cell mineralization was measured by alizarin red staining. As shown in Fig. 3F , androgen-mediated calcium deposition was significantly greater in calvarial osteoblasts isolated from wild-type mice compared to those from AR Ϫ/Y mice. Identification of androgen/AR-regulated genes in osteoblasts. Microarray analysis was used to identify genes involved in the progression of androgen-mediated osteoblast differentiation, particularly those with a role in bone mineralization. Primary neonatal calvarial osteoblast cells from wild-type and AR Ϫ/Y mice were isolated and then exposed to osteogenic medium to induce mineralization in the presence or absence of DHT. Microarrays were then used to identify specific genes differentially expressed between wild-type and AR Ϫ/Y osteoblasts (see Table S2 in the supplemental material). MC3T3-E1-AR cells overexpressing AR were used in a parallel screen to identify genes highly expressed. Real-time PCR was used to confirm the presence of all probe sets in the samples. We found that the expression of the AKP2 gene and the small integrin-binding ligand, N-linked glycoprotein (SIBLING) gene family, which includes secreted phosphoprotein 1 (OPN/ SPP1), bone sialoprotein (BSP), dentin matrix protein 1 (DMP1), and dentin sialophosphoprotein (DSPP), decreased significantly in calvarial cells from AR Ϫ/Y mice compared to those from wild-type mice (Fig. 4A, left panel and see Fig. S2A in the supplemental material). The expression profiles of these genes during androgen-mediated osteoblast differentiation was investigated, and gene expressions were analyzed in MC3T3-E1 cells on days 1 to 30 in the presence or absence of DHT by using real-time RT PCR. We found that the expression patterns of all of these genes regulated by DHT have the highest peak expression around days 15 except for DMP1 (around days 30), which correlates with the differentiation of osteoblasts and the onset of mineralization (see Fig. S2C in the supplemental material). To determine whether AR is involved in the regulation of expression of these genes, MC3T3-E1 cells were transfected with siRNA-AR to block AR expression. While inhibition of AR expression by siRNA-AR decreased the expression of AKP2 gene and the SIBLING genes, exposure of MC3T3-E1 cells with control-siRNA to DHT induced the expression of these genes from 2-to 10-fold (Fig. 4B , left panel, and see Fig. S2B in the supplemental material) . In addition, we were able to observe the dose-dependent effects of androgen/AR on the induction of AKP2 gene expression (Fig. 4B, right panel) . To better understand the regulation of the AKP2 gene and the SIBLING genes, approximately 3 kb of sequence upstream of the putative transcriptional start sites of these genes was examined for homology to the androgen response element (ARE) consensus motif from the TRANSFAC database (37) . All of these genes contain one or more motifs comprising at least 75% corresponding to the consensus ARE sequence (see Fig. S2D in the supplemental material). In addition, the expression of transiently transfected AKP2 gene promoter-reporter (luciferase) constructs (39) in the osteoblasts was also androgen dependent, and when the cells were transfected with the vector containing AKP2 gene promoterupstream fragment extending from positions Ϫ4556 and Ϫ1776, which includes putative ARE consensus sites at Ϫ2284, DHT elicited an ϳ3-fold induction of luciferase activity (Fig.  4C) . To test whether AR was recruited to the putative ARE consensus sites of these gene promoters in osteoblasts in an androgen-dependent manner, ChIP analysis was performed. AR was found, by PCR detection after anti-AR antibody ChIP, to be associated in situ with the AKP2 gene promoter in the presence of DHT (Fig. 4D) . Similar results were obtained in SIBLING gene promoters (see Fig. S2E in the supplemental material). To examine whether the AKP2 gene expressed in other tissues is also regulated by AR, the calvaria, tibias, femurs, cartilage, and livers from wild-type and AR Ϫ/Y mice F) Mineralization analysis of MC3T3-E1 cells stably transfected with siRNA-control (pCMV-U6) or siRNA-AR (D), control vector (pCDNA-flag) or AR-expressing plasmid (pCDNA-flag-AR) (E), and primary osteoblasts from wild-type and AR Ϫ/Y mice stimulated with or without 10 Ϫ8 M of DHT or T (F) in differentiation medium for 30 days. Cells were fixed and stained with alizarin red S for mineralized matrix, and the calcium amounts were determined by the colorimetric method. *** , Samples significantly different from parent vector control (P Ͻ 0.05); ** , samples significantly different from wild-type mice (P Ͻ 0.05). Ϫ8 M DHT in differentiation medium. Treated cells were fixed and stained, and the ALP activity was determined by incubating cell lysates with ALP substrates for colorimetric analysis. Western blot analysis was performed to determine AR expression. The optical densities obtained for AR bands from ethanol-treated cultures were normalized by using ␤-tubulin expression levels and set as 1. The data are representative of at least three independent experiments, and error bars represent Ϯ the SD. * , Samples significantly different from ethanol treatment (P Ͻ 0.05); ** , samples significantly different from wild-type mice (P Ͻ 0.05); *** , samples significantly different from parent vector control (P Ͻ 0.05). AR is required for androgen-mediated ALP activity during osteoblast mineralization. The action of androgens on TNSALP function during osteoblast differentiation and mineralization was investigated using MC3T3-E1 cells exposed to a variety of steroids and assessed for ALP activity every 5 days from day 0 to day 20. Figure 4E shows the promotion of ALP activity by testosterone and DHT in a temporal manner over successive developmental stages including proliferation (stage I, days 4 to 10), bone matrix formation and/or maturation (stage II, days 10 to 16), and mineralization stages (stage III, days 16 to 20) (6) . By comparison, the vehicle control had little effect on ALP activity. Activation of ALP by testosterone and DHT occurred between days 5 and 10, with activation reaching a peak around day 20. It appears that testosterone and DHT have more significant effects on ALP activity during osteoblast differentiation in MC3T3-E1 cells than does 17␤-estradiol (E2). To investigate the role of AR in androgen-mediated ALP activity in osteoblast mineralization, we introduced the siRNA-AR or flag-AR vectors into MC3T3-E1 cells and assayed for androgen-induced ALP activity. After exposure of cells to DHT for 10 days, androgen-mediated ALP activity and staining were observed in parental cells and those overexpressing AR but not in AR knockdown cells (Fig. 4F and G) . In addition, ALP activity and staining, which was suppressed in wild-type calvarial osteoblasts expressing siRNA-AR, increased in AR Ϫ/Y calvarial osteoblasts overexpressing AR (Fig. 4H) . These results were confirmed by the finding that ALP activity was significantly lower in the calvaria but not in the serum from AR Ϫ/Y mice compared to wild-type mice (see Table S3 in the supplemental material).
Reciprocal regulation of phosphate level and AR expression. The process of osteoblast differentiation and matrix mineralization requires a rise in the level of TNSALP activity to generate P i ions from the hydrolysis of extracellular inorganic pyrophosphate (PP i ) for deposition into the extracellular matrix (ECM) (9) . To gain insight into the mechanisms underlying the regulation of TNSALP activity by androgen/AR, we measured the P i levels in wild-type calvarial osteoblasts expressing siRNA-AR and in AR Ϫ/Y calvarial osteoblasts overexpressing AR in the presence or absence of DHT. The intracellular P i concentration was significantly higher in AR Ϫ/Y osteoblasts overexpressing AR in the presence of DHT than in control or untreated cells (Fig. 5A) . Suppression of AR expression with AR-specific siRNA impaired the response of wild-type osteoblasts to DHT, resulting in a lower level of P i compared to control cells (Fig. 5A) . We then investigated the role of TNSALP and phosphate transporters on androgenmediated P i uptake in MC3T3-E1 osteoblasts. This was achieved using levamisole (L) to inhibit TNSALP activity and phosphate transport inhibitor foscarnet (PFA) to block type III Na ϩ /P i cotransporter function. As shown in Fig. 5B , the level of P i was significantly lower in MC3T3-E1 osteoblasts treated with DHT and either L or PFA than in cells treated with DHT alone. This suggests that the androgen-mediated influx of P i into osteoblasts is regulated by TNSALP and phosphate transporters.
The ability of cells to respond to phosphate by the temporal coordination of gene expression and regulation of protein function is recognized as a requirement for mineralization in bone (4) . To investigate whether the P i generated by TNSALP influences the expression and function of AR, we examined the expression of AR in MC3T3-E1 osteoblasts responding to P i only or ␤-glycerophosphate (␤-GP), a provider of P i ions and the proposed substrate of TNSALP, in the presence or absence of DHT. As shown in Fig. 5C , both sources of phosphate enhanced the level of AR expression in the presence or absence of DHT. AR expression was further enhanced with the ectopic expression of calf TNSALP in the presence of ␤-GP but was suppressed by L treatment (Fig. 5D) . Similarly, PFA inhibits P i -enhanced AR expression (Fig. 5E ). In addition, both L and PFA blocked DHT induced mineralization of the ECM surrounding MC3T3-E1 osteoblasts (Fig. 5F ). Interestingly, reporter gene assays and immunofluorescence studies using the anti-AR antibody showed that AR had a diffuse cytosolic distribution in vehicle-control cells. After treatment with P i , a portion of AR translocated from cytosol to the cell nucleus and showed transactivation activity similar to DHT treatment ( Fig. 5G and H) .
TNSALP and P i are necessary for AR-mediated bone mineralization. To determine the biological significance of the role of TNSALP in AR-mediated bone mineralization, we cultured MC3T3-E1 osteoblasts with knocked-down AR or vector control with ␤-GP in the presence or absence of DHT. As expected, mineralization was induced in the ECM surrounding MC3T3-E1 osteoblasts and was not induced in the ECM surrounding osteoblasts with knocked down AR (Fig. 6A and B) . We also cultured control and AR knockdown osteoblasts with ectopic expression of calf intestine TNSALP plus ␤-GP or in the presence of P i only. In both culture conditions, osteoblasts with knocked down AR showed mineralization in the surrounding ECM, albeit to a lesser extent than control osteoblasts ( Fig. 6A and B) . Taken together, these results show that the AR regulation of expression of bone-related proteins, such as TNSALP, is a necessary requirement for androgen-mediated osteoblast mineralization. It is possible that AR alters the capacity of TNSALP to cleave PP i and hence alters the PP i to P i ratio in the bone microenvironment. We then investigated the effect of the TNSALP or P i on mineralization from calvarial bone lacking AR. When calvarial bones of AR Ϫ/Y mice were cultured with ectopic expression of calf TNSALP or P i in culture media, a partial rescue of bone loss in calvarial bones from AR Ϫ/Y mice was observed, as determined by the calcified area that remained mineralized as shown by Von Kossa and Goldner's trichrome staining (Fig. 6C) .
DISCUSSION
The present study shows that the TNSALP level in calvarial osteoblasts (Fig. 4B ) and calvaria (see Table S1 in the supplemental material) is significantly lower in AR Ϫ/Y mice, strongly suggesting that the trigger for androgen-mediated bone mineralization involves TNSALP. Although Akp2
Hpp/ϩ mice have ca. 50% of normal plasma ALP but display no other biochemical or skeletal abnormalities, recent studies showed that 
Akp2
Hpp/Hpp mice, with ca. 10% of normal ALP activity, develop late-onset skeletal disease, notably defective endochondral ossification, and bone mineralization that leads to arthropathies of the knees and shoulders (19) . The biological significance of the TNSALP regulated by AR to promote bone mineralization in vivo was further supported by castration of male Akp2
Hpp/Hpp mice, which have accelerated defective bone mineralization (unpublished data). The main function of TNSALP is to catalyze the hydrolysis of pyrophosphate, generated by nucleotide pyrophophatase phosphodiesterase 1 (NPP1)/PC-1 and transported by ANK (22) . The action of TNSALP increases the intracellular level of P i and thereby raises the ratio of P i to PP i . It is unknown whether the ratio of P i to PP i is altered in the bone microenvironment of AR Ϫ/y mice and whether NPP1 and ANK are involved in AR-mediated bone mineralization; further investigation is required to elucidate these processes. Although the loss of AR has a detrimental effect on bone mineralization, the high TNSALP and/or P i content rescue of the hypomineralization in AR Ϫ/y mice suggests that the level of P i , possibly generated by TNSALP, is critical for AR-mediated bone mineralization in the ECM. This finding is in agreement with previous studies showing that the phosphate is required to trigger bone mineralization (35) . We also showed that androgen induces an increase in the level of P i , which may in turn promote AR nuclear translocation and activity. The contribution of P i -mediated androgen/AR-regulated molecular events associated with the bone mineralization process remains to be further investigated.
Our results show that androgen administration enhances the capacity of AR to promote mineralization in a time-and/or stage-dependent manner. This finding is consistent with previous results showing that androgens promote mineralization by osteoblastic cells (48) . Although it is possible that the mineralization effects seen in the culture system in vitro may be partly due to the effects of androgen/AR on the cell proliferation, survival, and differentiation, calvarial organ culture assays from ARKO mice clearly demonstrated that androgen/AR is required for promoting bone mineralization. We further indicate that the level of AR increases dramatically after exposure of MC3T3-E1 cells to androgen (DHT or testosterone) and that a dramatic androgen-independent increase in AR occurs during early maturation that gradually decreases during late maturation and mineralization ( Fig. 3B and C) . Despite the early androgen-dependent or -independent increase in AR protein, previous studies show that MC3T3-E1 cells fail to manifest a classic androgen response within the first 3 days after plating, whereas cells treated with dexamethasone did exhibit a response (2) . This delayed response to androgen agrees with previous studies on human osteoblastic cells, which showed that increasing the level of AR by cotransfection with an AR expression plasmid enabled these cells to become androgen responsive (30, 58) . Together, these findings suggest that an increase in the level of AR is essential for promoting androgen-mediated gene expression at a specific stage in osteoblastic cells.
Indeed, we also demonstrated that androgen treatments from days 0 to 5 were sufficient to promote mineralization of osteoblasts in vitro, a previously unrecognized aspect of androgen action. Therefore, the timing of early exposure of osteoblasts to androgen is critical to achieve the threshold level of AR required to activate differentiation markers, such as TNSALP, which is highly expressed in the maturation and mineralization stages. Thus, the net effect of androgens on mineralization depends on the timing of androgen exposure for stimulation of appropriate levels of AR and suggests that various amounts of AR may constrain mineralization at the earliest stage but induce at the later stages, an idea further supported by the results that the expression of androgen-mediated target genes are highly active in the later stage of osteoblast maturation ( Fig. 4E and see Fig. S1C in the supplemental material). In addition, we were able to observe in MC3T3-E1 osteoblast cells significantly increasing AR expression level that reached a maximum level between days 5 and 10 upon stimulation by DHT but not in control or E2-treated groups. According to Ikegami's results, the mRNA level of ER was not altered by 10 Ϫ8 M E2 treatment in MC3T3-E1 osteoblast cells, and ER protein expression was detectable in a heterogeneous pattern but not detectable in all cells (21) . Furthermore, the ability of E2 to enhance ALP activity stimulated by 1,25-dihydroxyvitamin D 3 was dependent on the presence of dexamethasone treatment, a finding which has also been reported in human osteoblasts (43) . Together, these results may provide evidence of possible mechanisms by which the ALP activity increased by DHT between days 5 and 10 can be observed but not by E2-treated or control groups in MC3T3-E1 cells. Taken together, the hormonal responsiveness of osteoblastic cells depends on receptor number and the stage of maturation of the cells when they are exposed to hormone. independent experiments and error bars represent Ϯ the SD. * , Samples significantly different from ethanol treatment (P Ͻ 0.05); *** , samples significantly different from parent vector control (P Ͻ 0.05). (C to E) Analysis of AR protein levels in MC3T3-E1 cells treated with ethanol or DHT for 3 days in combination with ␤-glycerophosphate (␤-GP) or phosphate (P i ) (C); ␤-GP, ␤-GPϩcalf intestine TNSALP (CIP), L, ␤-GPϩL, or ␤-GPϩCIPϩL (D); or P i , P i ϩPFA, or PFA (E). For PFA and L treatment, cells were preincubated for 3 h. Cell lysates were collected at day 3, and Western blot analysis was performed to determine AR expression. The optical densities obtained for AR bands from ethanol-treated cultures were normalized using ␤-tubulin expression and set as 1. Binding to specific DNA sequences located near or within androgen target gene promoter and enhancer sequences, known as AREs and androgen regulatory regions, allows AR to facilitate interactions with the general transcriptional machinery, leading to gene transcription and downstream biological effects (27) . Androgen/AR also regulate gene expression by interacting with coregulators (17, 28) and nongenomic mechanisms (24) . Alternatively, androgen target genes may be regulated indirectly as a secondary or tertiary event through initial direct upregulation or liberation of transcription factors that in turn regulate the expression of other target genes (37) . Such a network allows for layers of regulatory control that may be advantageous for the temporal direction of protein synthesis, the amplification of androgen signals, and the coordinated expression of genes involved in differentiation and mineralization processes.
We also identified members of the SIBLING gene family, known to bind strongly to hydroxyapatite, as androgen target genes. The regulation of SIBLING gene expression by androgens and AR may provide sufficient matrix proteins that are available at the outer membrane surface of osteoblasts and matrix vesicles for initiation of hydroxyapatite crystal formation during androgen-mediated mineralization. Previous data has shown that the entire SIBLING protein family is the result of duplication and subsequent divergent evolution of a single ancient gene (11) . This finding is supported by the presence of consensus AREs in the promoter region of all members of the SIBLING gene family and the regulation of these genes by androgens/AR. The regulation of BSP, DMP1, and related SIBLING glycoprotein genes by AR is further supported by the expression of these genes in AR-positive Sertoli cells in developing testis cords (56) . The presence of several different RGD-containing SIBLING gene family proteins with similar structural and biochemical properties in the ECM of bone may provide functional diversity in the promotion of mineralization. It is possible that the complement of SIBLING family proteins regulated by androgens/AR in osteoblasts may amplify the ECM-associated signals to facilitate the androgenmediated mineralization.
While P i generated by ALP promotes AR expression and alters its cellular localization, the molecular mechanisms are currently undefined. The ability of the phosphate transport inhibitor PFA to block phosphate-induced AR expression suggests that phosphate must enter the cell to alter cell function and supports the idea that P i represents a novel and important intracellular signaling molecule in osteoblast differentiation. Upon entering the cell, P i , in addition to regulating AR, has been demonstrated to alter the cellular localization of the important osteoblast transcription factor Cbfa1 (14) and to cause cell proliferation in osteoblasts through an insulinlike growth factor-1-dependent mechanism (23) . Previous studies showed that phosphorylation of extracellular signal-regulated kinase (ERK1/2) and protein kinase C are specifically required for osteopontin expression in response to elevated P i (3) . In addition, it has been demonstrated that proteasomal activity is required in the phosphate-signaling pathway (3). It is well documented that AR is regulated by the ERK1/2 and proteasomal pathways in response to various stimuli (27) . Therefore, it is possible that P i may activate the ERK1/2 signaling pathway for AR expression and alters its cellular localization to modulate AR by the proteasomal pathway. Future studies will be required to provide more insights into the regulation of AR and to identify key signaling cascades initiated by an increase in intracellular P i .
Numerous factors, including transforming growth factor ␤, retinoic acid, endothelin, bone morphogenic protein, and vitamin D, are known to stimulate OPN/SPP1 expression in osteoblasts (8) and to induce TNSALP and, presumably, elevate phosphate levels. Therefore, it is likely that the phosphate signal for the induction of TNSALP and OPN/SPP1 expression is a feature shared by many factors, including AR. The present study provides evidence to link the induction of AR with an increase in TNSALP activity, which in turn elevates the level of P i to upregulate the level of AR. This mechanism provides an explanation of the specific regulation of AR in bone, since P i does not stimulate AR expression in prostate cancer LNCaP cells (data not shown). Although the precise molecular mechanisms underlying the tissue-specific P i -induced upregulation of AR expression remains to be elucidated, it appears not to be the result of an increase in basal protein levels.
Several reports show that global ARKO or osteoblasticspecific ARKO male mice develop osteopenia, resulting in definitive bone loss in conjunction with changes in histological analysis and increased matrix apposition rate of tibia and femur bone sections, but show but no mineralization defect (31, 38, 53, 60) . In contrast, our results showed a dramatic decrease in the area of calcification, new bone, and the number of osteocytes in calvaria from ARKO mice. The discrepancy of these results may be due to the difference between endochondral and intramembranous bone development. A key feature of the mineralization of endochondral long bones is the coordination of chondrogenesis and ossification in the epiphyseal growth plate and osteogenesis in the perichondrium/periosteum. In contrast, the intramembranous bone mineralization is regulated at the suture by interactions between the mesenchyme, the osteogenic front, and the duramater, a tough, fibrous membrane forming the outer envelope of the brain and the inner lining of cranial bones and sutures (40) . It is possible that the androgen/AR actions may occur at the suture for the regulation of intramembranous ossification different from endochondral ossification.
Our knowledge of sex hormone signaling pathways has advanced significantly due to the recent recognition that AR is a major mediator of androgen action in bone. The findings presented here highlight the potential of AR-deficient mice as a unique model for mineralization disorders. Given the significant therapeutic potential of lowering physiological AR levels, further investigation is essential to determine whether the role of AR in bone mineralization is conserved between mice and humans. Human genetic disorders in which abnormalities in bone development are associated with aberrations in AR imply conservation of the role of AR in bone mineralization between mice and humans. For example, hypogonadism in men is associated with an increase in bone turnover and bone loss (13, 45) . Furthermore, inactivation of AR in humans results in androgen-insensitive syndromes associated with osteopenia (47) . Likewise, testicular feminized mice with mutations in AR present with a phenotype consistent with that observed in humans (51) . Conservation of the mechanisms underlying bone mineralization opens the potential to increase our understanding of the impact of hormonal variations on bone development and, consequently, enhance our management of ECM mineralization in humans with AR-associated bone diseases.
